Low levels of reactive oxygen species (ROS) can function as redox-active signaling messengers, whereas high levels of ROS induce cellular damage. Menadione generates ROS through redox cycling, and high concentrations trigger cell death. Previous work suggests that menadione triggers cytochrome c release from mitochondria, while other studies implicate activation of the mitochondrial permeability transition poreas the mediator of cell death. We investigated menadione-induced cell death in genetically modified cells lacking specific death-associated proteins. In cardiomyocytes, oxidant stress was assessed using the redox sensor RoGFP, expressed in the cytosol or the mitochondrial matrix. Menadione elicited rapid oxidation in both compartments, while it decreased mitochondrial potential and triggered cytochrome c redistribution to the cytosol. Cell death was attenuated by N-acetyl cysteine and exogenous glutathione (GSH), or by over-expression of cytosolic or mitochondria-targeted catalase. By contrast, no protection was observed in cells over-expressing Cu, Zn-SOD or MnSOD. Overexpression of antiapoptotic Bcl-X L protected against staurosporine-induced cell death, but it failed to confer protection against menadione. Genetic deletion of Bax and Bak, cytochrome c, cyclophilin D or caspase-9 conferred no protection against menadione-induced cell death. However, cells lacking PARP-1 showed a significant decrease in menadione-induced cell death. Thus, menadione induces cell death through the generation of oxidant stress in multiple subcellular compartments, yet cytochromec, Bax/Bak, caspase-9 and cyclophilin D are dispensable for cell death in this model. These studies suggest that multiple redundant cell death pathways are activated by menadione, but that PARP plays an essential role in mediating each of them.
Introduction
At low levels, intracellular oxidants function as redox-active messengers in signal transduction pathways involving the responses to growth factors, hypoxia, and other receptor-ligand systems [1] [2] [3] [4] [5] [6] [7] . However, higher levels of oxidant stress can produce oxidative damage to lipids, proteins, RNA and DNA, which can trigger cell death by apoptosis and/or necrosis [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A large number of studies have used exogenously applied reactive oxygen species (ROS) to investigate both the signaling and cytotoxic responses to oxidant stress.
Menadione is a polycyclic aromatic ketone that can function as a precursor in the synthesis of Vitamin K. This compound generates intracellular ROS at multiple cellular sites through futile redox cycling. At low concentrations (e.g., 2 μM), menadione-mediated oxidants trigger redox-dependent gene expression responses [18] . For example, low levels of menadione-induced oxidant stress have been shown to mimic endogenous oxidant signals that trigger protection against ischemic injury in the heart [19] .
However, higher concentrations of menadione induce toxic oxidant stress associated with tissue injury, mitochondrial DNA damage and cell death [18, [20] [21] [22] . Previous studies suggest that menadione induces lethality by activating programmed cell death. For example, apoptosis in pancreatic acinar cells treated with menadione was inferred from the observed increases in propidium iodide uptake and Annexin V staining that were inhibited by the caspase inhibitor Z-VADfmk [23] . Those responses were associated with decreases in mitochondrial potential and with a redistribution of cytochrome c from the mitochondria to the cytosol. Mitochondrial depolarization in response to menadione was blocked by pretreatment with bonkrekic acid, an inhibitor of the adenine nucleotide translocator in the mitochondrial inner membrane and a putative component of the mitochondrial permeability transition pore (mPTP). These observations led to the conclusion that apoptosis, induced by ROS-mediated activation of the mPTP, was responsible for the cell death response to menadione treatment [23] . In a relatedstudy, Criddle et al. concluded that menadione activates apoptosis by increasing ROS production through a redox-cycling mechanism [24] .
While multiple studies suggest the involvement of apoptosis in the response to menadione, important inconsistencies arise. For example, in neonatal rat cardiomyocytes and H9c2 cardiomyoblasts, Hou and Hsu found that menadione and staurosporine each caused translocation of the proapoptotic protein Bax from the cytosol to the mitochondria. This response triggered the release of cytochrome c to the cytoplasm, which then initiated apoptosis [25] . However, Bax translocation to the outer mitochondrial membrane does not require activation of the mitochondrial permeability transition pore [26] , and its oligomerization in the outer membrane causes cytochrome c release without inducing depolarization of the inner membrane [27] . In fact, cells from mice carrying a genetic knockout of cyclophilin D, a principal regulator of the mPTP, are fully capable of undergoing apoptosis in response to staurosporine or other Bax/Bak-dependent activators [28, 29] . Therefore, although the studies of Gerasimenko et al. and of Hou and Hsu both invoked apoptosisin the cell death induced by menadione, the mechanisms of apoptotic induction in their findings are at odds. Importantly, neitherstudy demonstratedthat protection can be conferred by genetic interventions that inactivate apoptosis or inhibit mPTP opening.
The present study therefore sought to clarify the mechanisms of cell death induced by menadione. As the subcellular distribution of oxidant stress has never been documented, we began by comparing the cytosolic and mitochondrial distribution of oxidant stresses induced by menadione, and by examining the role of superoxide versus H 2 O 2 in the oxidant-mediated cell death. We then explored the effects of menadione on mitochondrial function, in terms of morphology, membrane potential and cytochrome c release. We then used genetic approaches to explore the requirement of specific death-related genes in the cellularresponse to menadione. Our data reveal that menadione induces oxidant stress in both the cytosol and the mitochondrial matrix. The oxidant stress activates redundant cell death pathways, all of which are linked by the common involvement of poly (ADP-ribose) polymerase-1 (PARP-1).
Materials and Methods

Cell culture
Embryonic chick cardiomyocytes were prepared as previously described and grown at a density of 1 × 10 5 on 25 mm glass coverslips or 6 well plates in a humidified incubator [30] . Experiments were performed on spontaneously contracting cells at 3-5 days after isolation. Primary mouse embryonic fibroblasts (MEFs) derived from wild type and Bax-Bak double knockout mice, developed by a collaboration between the laboratories of Craig Thompson and Stanley Korsmeyer [27] , were immortalized with a plasmid containing SV40 genomic DNA. Immortalized wild-type MEFs were also used to develop a stable cell line overexpressing Bcl-X L . MEFs derived from mice with targeted deletion of Caspase-9, along with wild-type controls, were obtained from Dr. Richard Flavell [31] . MEFs with genetic deletion of Ppif, the gene encoding cyclophilin D, were derived from Ppif −/− mice developed in the laboratory of Stanley Korsmeyer [28] and bred into the C57BL/6 background, along with isogenic wild type control mice. MEFs were also derived from mice carrying a targeted deletion of the PARP-1 gene, strain 129S-PARP1 tm1Zqw , obtained from The Jackson Laboratory and developed by Wang et al. [32] . Embryonic cells lacking cytochrome c were obtained from Dr. Celeste Simon at the University of Pennsylvania [33] , who derived these along with wild type controls from embryos obtained by matings of mice heterozygous with respect to the cytochrome c gene [34] obtained from the Jackson Laboratory. MEFculture s were maintained in DMEM supplemented with 10% heatinactivated fetal bovine serum, L-glutamine (200 mmol/L) and antibiotics (pen/strep).
Redox Measurements
Cardiomyocytes plated on 25 mm coverslips were transduced with an adenovirus to express the ratiometric redox sensor RoGFP in the cytosol or targeted to the mitochondrial matrix [35, 36] . After allowing 24-48 hr for expression, cells were studied in a flow through chamber on an inverted microscope as previously described [37] . The chamber was comprised of a stainless steel spacer ring separating two coverslips, one of which carried the cultured cells. The space between the cover slips was perfused with buffered salt solutions at a flow rate of 0.5 ml/min. All solutions were pre-equilibrated in a heated, water jacketed reservoir (Radnoti Glass Co.). The chamber was mounted on a heated stage (37º C) on an inverted microscope (Nikon) fitted with filter wheels (Sutter) and a cooled CCD detector (Cascade 650, Photometrics). Cells were superfused with balanced salt solution (BSS) (NaCl 117 mmol/L, KCl 4 mmol/L, NaHCO 3 18 mmol/L, MgSO 4 0.76 mmol/L, NaH 2 PO 4 1 mmol/L, CaCl 2 1.21 mmol/L and glucose 5.6 mmol/L) bubbled with a normoxic gas mixture (5% CO 2 /21% O 2 /74% N 2 ). Cells were studied with a 40X objective using excitation (405 nm and 484 nm) and emission (535 nm) filters. Images were acquired every 60 sec, corrected for background, and ratiometric images were calculated as the ratio of 484/405. Individual cell responses were obtained by selecting regions of interest encompassing single cells; these were averaged to provide a description of the overall response. After studying the effects of menadione (25 μM) on ratiometric behavior, the cells were superfused with dithiothreitol (DTT, 1 mM) and then t-butyl hydroperoxide (TBH, 1 μM) to obtain the maximum reduced and oxidized ratios, respectively. Baseline and menadione-induced ratios were expressed as percent oxidation as previously described [35] .
Cell Viability
Cell death was assessed using propidium iodide (PI, 5 μmol/L) in BSS buffer. The dye is excluded from live cells, but enters upon disruption of the plasma membrane integrity. Cells were grown in 6-well plates and PI was added to the media along with menadione. Cells were studied on a fluorescence microscope 10X objective (excitation: 555 nm, emission: 605 nm) equipped with a computer-controlled stage. Plates were kept in the cell culture incubator except during brief periods when they were mounted on the microscope stage for sequential assessment of cell morphology and viability over time. The plate was mounted on the stage, and multiple X-Y locations were programmed to allow repeated measurements of the same cell regions during the experiment. Images were obtained after 0, 1, 3, 4 and 6 hrs of treatment with menadione at various doses. Cells were kept in a 37° C incubator (5% CO 2 , 21% O 2 ) except for the brief periods required to obtain images. Metamorph imaging software was used to count nuclei stained by PI. After 6 hrs, cells were permeablized by adding digitonin (300 mmol/L) to the perfusate for 45 min. Cell death during the experiment was calculated as the percent of the post-digitonin value.
A lactate dehydrogenase (LDH) cytotoxicity assay (BioVision) was also used to assess cell viability in response to menadione, staurosporine treatment and serum withdrawal. LDH is localized within lysosomes of live cells, and is released into the extracellular supernatant upon disruption of plasma membrane integrity. The LDH assay was used according to the manufacturer's specifications with minor modifications. Supernatants were collected after treatment with staurosporine (1 μmol/L in 1.5 ml of serum-free media), menadione (25 μM) or prolonged serum withdrawal. Cells were incubated in Triton-X (1.5 ml of 2% in serumfree media) for 30 min. Lysates were collected and centrifuged at 11,000 RPM for 10 min. Samples were mixed with the reaction mixture and incubated for 30 min in a 96 well plate, at which point the absorbance was measured at 490 nm. Cytotoxicity was calculated as the absorbance in the supernatant divided by the sum of absorbance in the supernatant and lysates.
Mitochondrial Fragmentation Assay
Cells expressing the mitochondrial RoGFP protein were exposed to staurosporine, menadione or BSS. Fluorescence microscopy was evaluated using a 60× objective lens to evaluate the mitochondrial morphology. Under baseline conditions, all mitochondria displayed a characteristic irregular curvilinear pattern. Subsequent mitochondrial fragmentation was defined as a distinct change in the morphology of the mitochondria from the normal reticular pattern to one resembling numerous small vacuoles with complete loss of the curvilinear morphology (see figure 3 ). This appeared to be an all-or-nothing response as there were no cells that displayed partial fragmentation. The total population of cells displaying this pattern was divided by the total number of cells in the field to arrive at a percentage of cells displaying mitochondrial fragmentation. Multiple experiments were performed for each condition to obtain an average and standard error of the mean.
Mitochondrial Membrane Potential
ΔΨ m was assessed with tetramethylrhodamine methyl ester (TMRE) under non-quenching conditions as previously described [37] . Cells were loaded with TMRE (100 nmol/L) at 37°C for 30 min. The media was then replaced with a maintenance concentration of TMRE (25 nmol/L). Mitochondrial fluorescence intensity was assessed using excitation at 555 nm and emission at 605 nm. Images were obtained during baseline and at periodic intervals thereafter (10X objective). Intensity values were corrected for background. Stage positions were programmed using data acquisition software (Metamorph, Universal Imaging) allowing repeated images to be obtained from the same fields of cells throughout each experiment. Data are reported as percentage of baseline fluorescence intensity.
DNA fragmentation assay
Cardiomyocytes (2.1 ×10 6 ) were disrupted using lysis buffer, and the DNA was extracted using phenol:chloroform after 2 hrs of proteinase K digestion at 50 C. Genomic DNA (1.5 μg per lane) was treated with 100 μg/ml of RNase A and run on a 2.0% agarose gel containing 0.06 mg/ml of ethidium bromide. Apoptotic DNA fragments consist of multimers of 180-200 base pairs and appear as a DNA ladder. DNA of non-apoptotic populations of cells has a high molecular weight and does not migrate far into the gel.
Immunofluorescence labeling of cytochrome c
To determine subcellular localization of cytochrome c, both treated and untreated cells were fixed in 3% paraformaldehyde with 0.02% glutaraldehyde in PBS for 15 min and subsequently permeablized with ice-cold methanol. Cells were incubated in 0.5 mg/ml sodium borohydride (Sigma-Aldrich) solution, blocked for 30 min in PBS containing 1% goat serum, and incubated overnight at 4 C with 1:100 dilution of mouse anti-cytochrome c antibody (BD Bioscience). Cells were then incubated with a fluorescent secondary antibody (Alexa Fluor 488-labeled anti-mouse IgG, 1:100) for 1 hr at room temperature and visualized under laser scanning confocal microscopy using a 40X objective. Cells with a normal mitochondrial localization of cytochrome c exhibit a fluorescence pattern that is punctuate in appearance, while cells that have undergone redistribution of cytochrome c to the cytosol exhibit a more diffuse pattern of fluorescence. Diffuse cells were enumerated independently by two blinded investigators who examined three separate visual fields each containing 50-60 cells. The percentage of positive cells obtained by the two evaluators was averaged, and mean values across groups were then calculated. Values were expressed as percent of total cells. In separate experiments, cardiomyocytes were infected for 48 hrs with an adenovirus expressing Green Fluorescent Protein (GFP) targeted to the mitochondrial matrix using the targeting sequence from cytochrome oxidase subunit IV, in order to label the mitochondria. Cells were then subjected to menadione or staurosporine. They were then fixed, immunostained for cytochrome c, and were imaged using a laser scanning confocal microscope (Zeiss, 60X) to assess the extent of co-localization.
Reagents
Adenoviruses expressing catalase or mitochondria-targeted catalase were obtained as a gift from Drs. Bai and Cederbaum [38] . Adenoviruses expressing Cu, Zn-SOD (SOD 1) or Mn-SOD (SOD 2) were obtained from the Gene Transfer Vector Core Facility at the University of Iowa [39, 40] . Digitonin was obtained from Aldrich. Other chemicals were obtained from Sigma.
Statistical Analysis
Data were analyzed by ANOVA. When a statistically significant effect was detected, individual differences were explored using a Newman-Keuls post hoc analysis. Statistical significance was determined at the 0.05 level. Data are expressed as mean values ± S.E.M..
Results
Detection of oxidant stress during menadione treatment using RoGFP
Cardiomyocytes were transduced with an adenovirus to express the ratiometric redox sensor RoGFP in the cytosol. Under baseline conditions, reducing conditions predominated in the cytosol where the RoGFP oxidation averaged between 20 and 30% ( Fig. 1A) . Menadione (25 μM) caused progressive oxidation of the RoGFP, which reached 74% oxidation within 15 min. Thus, menadione produces a rapid oxidative stress to cysteine thiols in the cytosol.
To examine the consequences menadione on redox conditions in the mitochondrial matrix, cardiomyocytes were transduced with an adenovirus expressing RoGFP containing the mitochondrial targeting sequence for cytochrome oxidase subunit IV. Unlike the pattern seen with the cytosolic expressing construct (Fig. 1C ), cells transduced with this virus expressed a reticular pattern of fluorescence indicative of mitochondrial localization (Fig.  1D ). On average, the basal level of RoGFP oxidation was greater in the matrix (55% oxidized) compared with cytosol, reflecting a greater degree of basal oxidant stress in that compartment. With menadione, the percent oxidation in the matrix increased progressively, reaching 90% oxidation after 20 min. These results do not establish the site of ROS generation by menadione, but they do reveal that it produces rapid and significant increases in oxidant stress in multiple subcellular compartments.
Cell death responses to menadione
To assess cell death in response to menadione, cardiomyocytes were treated with different concentrations of menadione (0-25 μmol/L) for 6 hrs. Cell membrane irregularities and evidence of nuclear PI uptake were noted after 4-6 hrs of menadione (25 μmol/L) exposure ( Fig. 2A) . Using different doses of menadione, a time-and dose-dependent cell death response, evidenced by PI uptake, was observed between 4 and 6 hrs ( Fig. 2B) , even though the oxidant stress was apparent much earlier ( Fig. 1) .
To assess the effects of menadione treatment on the mitochondrial membrane potential (ΔΨm), cells loaded with TMRE were imaged during 30 min of baseline normoxia, and after 1, 3 and 4 hrs of menadione exposure (Fig. 2C ). Compared with control cells studied over an equivalent period, menadione-treated cells showed a progressive decrease in mitochondrial potential, as indicated by a decrease in TMRE fluorescence, which reached 39±3% of the initial intensity after 4 hrs. The dissipation of TMRE fluorescence is consistent with opening of the mitochondrial permeability transition pore (mPTP) which results in mitochondrial depolarization, swelling and cytochrome c release [37, [41] [42] [43] [44] [45] .
Given the extent of oxidant stress induced by menadione in the mitochondrial matrix, and the subsequent decrease in mitochondrial potential, we assessed mitochondrial morphology in cells expressing the mitochondria-targeted RoGFP. After treatment with menadione (25 μM, 4hrs), cells were fixed with paraformaldehyde, washed, and mounted for visualization by laser scanning confocal microscopy (60X objective, excitation 488 nm, emission 530 nm) ( Fig 3A) . Significant mitochondrial fragmentation/fission was noted in response to menadione, compared with untreated cells. Enumeration of cells displaying mitochondrial fragmentation showed that a greater percentage of cells experienced mitochondrial fragmentation after menadione than after exposure to the apoptosis-inducing agent, staurosporine (1 μmol/L, 6hrs, Fig 3B) . This suggests that mitochondrial fission and loss of membrane potential are early and critical events of menadione-induced cell death but not in staurosporine-induced mitochondrial apoptosis.
Protection against menadione-induced cell death by antioxidants
To determine whether pharmacological antioxidants were protective against menadioneinduced cell death, cardiomyocytes were incubated with antioxidants prior to and during exposure to menadione (25 μmol/L). The glutathione precursor N-acetyl-L-cysteine (NAC, 500 μmol/L) significantly decreased cell death (4±2%) compared to controls (41±2.5%) after 4 hrs of menadione exposure (Fig. 4A) . Similarly, administration of reduced glutathione (GSH, 100 μmol/L) decreased cell death to 6±0.3%. However, no significant protection was conferred by the iron chelator deferoxamine mesylate (DFO, 100 μmol/L), the thiol reductant pyrolidine dithiocarbamate (PDTC, 10 μmol/L), or the glutathione peroxidase mimetic ebselen (25 mol/L).
In other experiments, adenoviral vectors were used to express catalase, catalase targeted to the mitochondrial matrix, SOD 1 or SOD2 in cardiomyocytes. In cells exposed to menadione (25 μM) for 6 hrs, over-expression of catalase, or catalase targeted to the mitochondrial matrix ( Fig. 4B) , decreased cell death from 56±10% to 14±10% and 9±6%, respectively, compared with cells transduced with an empty adenoviral vector, Y5 (Fig. 3C ). Cell death was not attenuated by over-expression of either SOD 1 or SOD2. Collectively, these findings implicate oxidant stress induced by hydrogen peroxide in the mitochondria and the cytosol as important contributors to menadione-induced cell death.
Markers of mitochondrial apoptosis in response to menadione
The release of cytochrome c from the intermembrane space to the cytosol represents a threshold event in the activation of mitochondrial apoptosis. Cardiomyocytes immunostained for cytochrome c under baseline conditions exhibited a punctuate pattern of fluorescence in confocal images, consistent with mitochondrial localization (Fig. 5A ). This pattern was disrupted in cells treated with staurosporine, which increased the number of cells demonstrating a diffuse cytosolic pattern of fluorescence, indicative of cytochrome c release to the cytosol. A significant increase in the number of cells exhibiting a diffuse pattern of fluorescence was also detected after menadione (Fig. 5B ), although cytochrome c redistribution was clearly a more predominant feature in staurosporine-treated cells. Moreover, staurosporine-treated cardiomyocytes developed a condensed cellular morphology and a significant redistribution of cytochrome c from the mitochondria to the cytosol after 6 hrs compared with control cells (Fig. 5A, B ), although this was not accompanied by a simultaneous dissipation of the mitochondrial membrane potential, as assessed by TMRE fluorescence (Fig. 5C ). This is consistent with studies suggesting that release of cytochrome c from the outer mitochondrial membrane is not accompanied by an early dissipation of inner membrane potential [42, 46] . However, although evidence of DNA laddering was apparent in response to staurosporine, virtually no DNA laddering was apparent in the cells treated with menadione ( Fig. 5D ). These results indicate that, although staurosporine and menadione both induce cytochrome c release to the cytosol, important differences exist regarding the mechanisms of cell death induced by the two stimuli. These findings could be explained if ATP levels became depleted during menadione treatment, which could inhibit ATP-dependent caspase activity and DNA cleavage.
To clarify further the requirement for apoptosis in the response to menadione, we examined the role of BH domain-containing proteins in the regulation of cell death in these models. We induced over-expression of the antiapoptotic protein Bcl-X L using a recombinant adenovirus in cardiomyocytes (Fig. 6B ), and found that it conferred protection against staurosporine ( Fig. 6A ) but not against menadione-induced cell death (Fig. 6C ). Overexpression of Bcl-X L is known to inhibit cell death induced by BH domain-containing proteins that regulate outer mitochondrial membrane permeability to cytochrome c [25, 34, 47, 48] . Of note, staurosporine treatment required 18 hrs to induce death in cells treated with the empty viral vector (Y5), while only 4 hrs were required to induce cell death with menadione (25 μmol/L). These findings indicate that menadione-induced cell death does not require activation of the mitochondrial apoptotic pathway, and inhibition of that pathway does not attenuate the cell death response to menadione.
To further explore the role of apoptosis in response to menadione, immortalized mouse embryonic fibroblast cells (MEFs) with genetic deletion of the pro-apoptotic proteins Bax and Bak (Bax −/− /Bak −/− double knockout) were compared with immortalized MEFs from isogenic wild-type animals, and with MEFs stably transfected to over-express Bcl-X L (Fig.  6D ). Cells were subjected to menadione (25 μmol/L for 4 hrs) or serum withdrawal (72 hrs). Cell death was assessed by LDH cytotoxicity assays rather than by PI because the latter measurement was confounded by detachment of dying MEFs. Significant cell death was observed in response to menadione, but no protection was conferred either by loss of Bax and Bak or by Bcl-X L over-expression. By contrast, Bax/Bak deletion and Bcl-X L overexpression each conferred significant protection against serum removal from the growth media over 72 hrs, consistent with the involvement of mitochondrial apoptosis in response to that stimulus. These findings support the conclusion that, although markers of apoptosis are evident in cells exposed to menadione, neither Bax nor Bak are required for the cell death in response to menadione.
To further explore the requirement for apoptosis in the response to menadione, murine cells obtained from cyt c −/− embryos or from wild type littermate embryos were subjected to menadione (25 μmol/L) for 6 hr. Compared with untreated cells, menadione induced significant cell death, as indicated by LDH release. However, genetic deletion of cytochrome c did not confer any protection from death induced by this treatment (Fig. 7A) . Absence of cyt c protein was confirmed by Western blotting. These findings reveal that menadione-induced cell death does not require cytochrome c release to the cytosol.
Role of the mitochondrial permeability transition pore
The mitochondrial depolarization observed in menadione-treated cells suggested that activation of the mitochondrial permeability transition pore may contribute to cell death in this model. Indeed, previous studies had implicated this pathway in pancreatic acinar celldeath after challenge with menadione [23] . To examine this mechanism more directly, we generated murine embryonic fibroblasts (MEFs) from mice lacking the Ppif gene [28] which encodes cyclophilin D, along with wild type control MEFs in the same genetic background. Menadione treatment induced significant cell deathin wild type cells, but this was not decreased in cells lacking cyclophilin D (Cyp-D −/− ) (Fig. 7B) . Mouse genotyping was confirmed by RT-PCR analysis (data not shown). These data indicate that the mPTP is not required for cell death in response to menadione.
To assess the requirement for caspase-9 in the cell death pathway, we compared menadione responsiveness in immortalized MEFs from wild type and caspase-9 −/− mouse embryos. However, no decrease in menadione-induced cell death was observed in cells lacking caspase-9 (Fig. 8A) . As caspase-9 activation occurs in response to cytochrome c release from mitochondria, these results are consistent with our earlier results showing a lack of protection by cytochrome c deletion.
Conceivably, oxidant stress-induced DNA damage could trigger activation of poly-(ADP ribose) polymerase (PARP), whose activation has been linked to mitochondrial disruption, cytochrome c release, and cell death associated with bioenergetic deficiency [49] . Although multiple members of the PARP superfamily have been described, PARP-1 represents an important component of that system [50] . Accordingly, we generated MEFs from wild type and PARP-1 −/− murine embryos and compared their responsiveness to menadione challenge. Wild type MEFs treated with menadione for 60 min showed a significant increase in poly-(ADP ribosylation) ( Fig 8C) . While wild type MEFs exhibited cell death of approximately 40% on average, PARP-1 −/− cells showed significantly less cell death (Fig.  8B) . These findings indicate that, although multiple redundant cell death pathways are activated in response to menadione, PARP activation represents an important common component in the cell death pathways induced by menadione.
Discussion
Menadione has been used at low concentrations to mimic oxidant signaling in cells [18] , and at higher concentrations to induce lethal oxidant stress [10, 12, 14, 16, [22] [23] [24] . The present study advances this previous work in four respects. First, we provide a quantitative comparison of the effects of menadione on oxidant stress in the cytosol and the mitochondrial matrix, using a ratiometric redox sensor. Second, we demonstrate that the cell death arising from menadione challenge requires hydrogen peroxide generation, but not superoxide. Third, we describe a genetic and functional dissection of the apoptotic and necrotic pathways activated by menadione, we find that both pathways become activated in response to menadione, and we show that each is sufficient to cause cell death. Finally, we demonstrate that genetic deletion of PARP-1 confers significant protection, indicating that PARP is a common element in the redundant death pathways activated during menadione challenge.
RoGFP measurements and oxidant stress
The ratiometric characteristics of the RoGFP sensor reveal that, under baseline conditions, proteins in the mitochondrial matrix are more highly oxidized than are proteins in the cytosol. Previous studies have shown that menadione induces oxidant stress in cells, but the question of whether menadione generates oxidant stress in subcellular compartments has not been addressed. Our results reveal that significant protein thiol oxidation begins in the cytosol immediately upon menadione addition, and oxidation continues to increase for more than 20 minutes. This pattern is mirrored in the mitochondrial matrix, where rapid oxidation of RoGFP was also observed. Of course these measurements do not reveal the site of oxidant generation, since H 2 O 2 generated in one compartment could conceivably diffuse into adjacent compartments. Despite the rapid onset of oxidant stress, cell death does not develop for several hours, suggesting that a progressive accumulation of oxidative damage may be necessary to trigger the death response. The oxidant stress during menadione treatment was associated with progressive mitochondrial morphological fragmentation and depolarization, which was accompanied by cytochrome c release to the cytosol.
Protection by antioxidants
The antioxidant compounds NAC and GSH both conferred significant protection against menadione-induced cell death, which is consistent with the involvement of oxidant stress in that response. By contrast, the thiol reductant PDTC, the glutathione peroxidase mimetic ebselen, and the iron chelator DFO failed to protect. The differential responses to these various antioxidant compounds most likely is a reflection of their chemical dissimilarities, which would allow them to work by different mechanisms. When antioxidant enzymes were expressed using adenoviruses, catalase was highly protective when expressed in either the cytosol or the mitochondrial matrix, indicating that hydrogen peroxide is the principal oxidant responsible for the lethal effects of menadione in these cells. By comparison, neither SOD1nor SOD 2 over-expression conferred protection. This finding indicates that superoxide, by itself, is not as important for cell death as is H 2 O 2 . Hydrogen peroxide generated in one intracellular compartment can diffuse through membranes to access other compartments, which could explain why catalase expression in either compartment is protective against menadione.
Requirement for mitochondrial apoptosis in menadione-induced cell death
Menadione triggered a redistribution of cytochrome c from the intermembrane space to the cytosol. This finding is consistent with previous studies implicating apoptotic activation as the mechanism of death induced by menadione [23] [24] [25] . However, our data also reveal that mitochondrial apoptosis is not required for menadione-induced death. In this regard, overexpression of Bcl-X L in cardiomyocytes or MEFs, or genetic deletion of Bax and Bak in MEFs, each conferred protection against staurosporine and serum deprivation, yet these interventions conferred no protection against menadione. Similarly, deletion of caspase-9 and genetic deletion of cytochrome c conferred no protection. These findings indicate that although mitochondrial apoptosis becomes activated, it is dispensable for the cell death response.
Requirement for the mitochondrial permeability transition pores
Studies have suggested that menadione induces mPTP opening by generating excessive oxidant stress [43] . Opening of the mPTP induces necrotic cell death in response to oxidant stress or ischemia, through a process that is independent of Bax and Bak [28, 41, [51] [52] [53] . Subsequent swelling of the mitochondrial matrix can then cause rupture of the outer membrane, release of mitochondrial contents including cytochrome c to the cytosol, ATP depletion, and subsequent necrotic death. Other investigators report that the loss of mitochondrial potential with menadione is inhibited by bonkrekic acid, an inhibitor of the ATP/ADP translocator (ANT) in the inner membrane [23] . Those authors concluded that the mPTP must have mediated the cell death response, based on the putative role of ANT as a component of the pore. However, studies of mice with genetic deletions of ANTs demonstrated that the ATP/ADP translocators are not required for activation of the mPTP [54] . Hence, the significance of the inhibitory effect of bonkrekic acid on membrane depolarization in menadione treated cells is unknown, and the requirement for mPTP in the cell death remains uncertain. We observed a progressive loss in mitochondrial potential (ΔΨm) after menadione treatment, consistent with the activation of mPTP. However, MEFs from Cyp-D-deficient cells showed no protection against cell death, indicating that mPTP opening is not required for the death response. Cyp-D is a known promoter of mPTP opening [55] , so the lack of protection with loss of Cyp-D demonstrates that the mPTP is not required for the cell death response.
Redundant cell death pathways induced by menadione
Collectively, our data reveal that multiple, redundant death pathways are activated in response to menadione-induced oxidant stress in cells. Although markers of apoptosis were observed, attempts to lessen cell death using genetic tools that inhibit apoptosis were unsuccessful. Similarly, evidence of mPTP opening was also seen, yet genetic deletion of a known modulator of the pore failed to confer protection. The most reasonable explanation for the lack of protection in these cases is that the alternate pathway remained active, providing a redundant death mechanism. However, our studies using cells carrying a genetic deletion of PARP-1 did demonstrate significant protection. This indicates that PARP activation is a common element in the two death pathways. Conceivably, menadioneinduced oxidative damage to DNA could lead to excessive PARP activation, which would deplete cellular NAD+ levels and contribute to bioenergetic deficiency. PARP activation can also trigger cytochrome c and AIF release from mitochondria [56] , leading to the early stages of apoptotic activation. Although early markers of apoptosis were observed, DNA laddering was absent, presumably reflecting the lack of ATP. Excessive oxidant stress may also activate mPTP opening, which would contribute further to the bioenergetic deficiency, cytochrome c loss, and further PARP activation. Apoptotic markers in response to menadione or staurosporine (STS). (A) Immunofluorescence analysis of cytochrome c distribution in cardiomyocytes revealed a normal mitochondrial reticular pattern that co-localized with mitochondria-targeted GFP expression under control conditions. A diffuse cytosolic staining pattern developed after menadione treatment, and after staurosporine treatment. (B) A significant increase in the percentage of cells demonstrating cytochrome c release was observed after menadione treatment or staurosporine treatment (n=10; *p<0.05 compared with controls, **p<0.05 compared with menadione). (C) TMRE fluorescence measurements of mitochondrial potential at 6 and 18 hr after STS treatment (dark bars), compared with control cells (white bars). Although a small trend was noted, this did not reach statistical significance. (D) Left: Representative gel electrophoresis showing an absence of DNA fragmentation in cells exposed to menadione (25 μM) for 6 hrs compared with controls. 
